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HumanDNA topoisomerase I (topo I) is an essentialmamma-
lian enzyme that regulates DNA supercoiling during transcrip-
tion and replication. In addition, topo I is specifically targetedby
the anticancer compound camptothecin and its derivatives. Pre-
vious studies have indicated that topo I is a phosphoprotein and
that phosphorylation stimulates its DNA relaxation activity.
The locations ofmost topo I phosphorylation sites havenot been
identified, preventing amore detailed examination of this mod-
ification. To address this issue, mass spectrometry was used to
identify four topo I residues that are phosphorylated in intact
cells: Ser10, Ser21, Ser112, and Ser394. Immunoblotting using
anti-phosphoepitope antibodies demonstrated that these sites
are phosphorylated during mitosis. In vitro kinase assays dem-
onstrated that Ser10 can be phosphorylated by casein kinase II,
Ser21 can be phosphorylated by protein kinase C�, and Ser112
and Ser394 can be phosphorylated byCdk1.Whenwild type topo
Iwas pulled down frommitotic cells and dephosphorylatedwith
alkaline phosphatase, topo I activity decreased 2-fold. Likewise,
topo I polypeptide with all four phosphorylation sites mutated
to alanine exhibited 2-fold lower DNA relaxation activity than
wild type topo I after isolation frommitotic cells. Furthermuta-
tional analysis demonstrated that Ser21 phosphorylation was
responsible for this change. Consistent with these results, wild
type topo I (but not S21A topo I) exhibited increased sensitivity
to camptothecin-induced trapping onDNAduringmitosis. Col-
lectively these results indicate that topo I is phosphorylated dur-
ing mitosis at multiple sites, one of which enhances DNA relax-
ation activity in vitro and interaction with DNA in cells.

Human topo I2 is a type IB topoisomerase that relieves posi-
tive and negative DNA supercoiling caused by transcription,
replication, and chromosome condensation (1). The 91-kDa,

765-amino acid polypeptide contains four domains: a poorly
conserved lysine-richN-terminal domain that contains nuclear
and nucleolar localization signals, a linker region, and the core
and C-terminal domains that contain the residues important
for DNA interaction and relaxation of supercoils (2). A trans-
esterification reaction at the active site of topo I ligates Tyr723 of
the enzyme to the 3� phosphate of the DNA, thereby creating a
nick in theDNAbackbone (3). This nick allows controlled rota-
tion of the DNA to relieve supercoils. Mutation of Tyr723 pre-
vents the transesterification reaction and abolishes all relax-
ation activity (4). The anticancer drug CPT and its derivatives
slow topo I-mediated DNA relaxation (5, 6) and inhibit the
religation reaction step of the enzyme (7, 8), trapping topo I on
DNA (9, 10) and causing cell death (11, 12).
A number of observations have raised the possibility that

phosphorylation can modulate the activity and CPT sensitivity
of topo I. Treatment with calf intestine alkaline phosphatase
decreases topo I enzymatic activity in vitro (13–15). Conversely
subsequent treatment with PKC or CKII, two kinases that
copurifywith topo I and phosphorylate it in vitro (16–18), stim-
ulates topo I activity 2–3-fold (14, 15, 19) and enhances the
ability of CPT to trap covalent topo I-DNA cleavage complexes
(20), suggesting that phosphorylation by these kinases might
make topo I more sensitive to CPT.
Despite its potential importance, many aspects of topo I

phosphorylation remain poorly understood. The number of
phosphorylation sites, for example, remains unclear because
the number of phosphopeptides detected after metabolic label-
ing and immunoprecipitation has varied from one (16) to as
many as five (21) or six (17). The effect of cell cycle progression
on phosphorylation has likewise been unclear. Initial studies
suggested that topo I is phosphorylated in interphase cells as
evidenced by its labeling in unsynchronized cell populations
and a rapid increase in phosphorylation after certain treat-
ments (13, 16, 17, 20, 21). In contrast, amore recent study found
that topo I in rodent cells quantitatively shifts to a slower
migrating, phosphorylated state exclusively duringmitosis (22).
Finally the location of topo I phosphorylation sites has not been
resolved. Cardellini et al. (23) reported that a 17-amino acid
peptide from the N terminus of topo I could be phosphorylated
at Ser10 byCKII in vitro, but phosphorylation of this sitewas not
verified in the full-length polypeptide in vitro or in vivo. More
recently, Yu et al. (24) reported that topo I is phosphorylated on
Tyr268 by c-Abl in vitro, but again the phosphorylation of this
site in intact cells was not confirmed. The location of other
possible phosphorylation sites on topo I, the cellular conditions
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that cause phosphorylation, and the effects of individual phos-
phorylation events on topo I remain largely unknown.
In the present study, we utilized mass spectrometry to map

four phosphorylation sites on topo I, generated phospho-
epitope-specific antibodies, and used these antibodies to study
the conditions leading to topo I phosphorylation in vitro and in
intact cells. In addition, we performed site-directed mutagene-
sis of these sites to assess the impact on localization and activity.
Results of this analysis suggest that topo I is phosphorylated
during mitosis in untreated cells and that one of these mitotic
phosphorylations modestly enhances topo I activity in vitro as
well as sensitivity to CPT-induced trapping on DNA in intact
cells.

EXPERIMENTAL PROCEDURES

Materials—Reagents were obtained from the following sup-
pliers: CPT, paclitaxel, aphidicolin, hydroxyurea, Hoechst
33258, PMSF, phorbol myristate acetate, and chloroquine from
Sigma; nocodazole fromAldrich; andDMSO fromFisher. Anti-
bodies to the following antigens were obtained from the indi-
cated suppliers: nucleolin from Santa Cruz Biotechnology, Inc.,
TATA-binding protein from BD Transduction Laboratories,
and topors fromNovus. Anti-S peptide antibodywas raised and
characterized as described previously (25). Antibodies to other
antigens were kind gifts from the following investigators:
murine monoclonal anti-poly(ADP-ribose) polymerase from
Guy Poirier (Laval University, Ste. Foy, Quebec, Canada), human
anti-topo I autoantiserum from Naomi Rothfield (University of
Connecticut, Farmington,CT), andC21murinemonoclonal anti-
topo I from Y.-C. Cheng (Yale University Medical School, New
Haven, CT).
Cell Culture—A549 human lung cancer cells and K562

human leukemia cells were grown in RPMI 1640 medium con-
taining 10% heat-inactivated fetal bovine serum, 100 units/ml
penicillin G, 100 �g/ml streptomycin, 2 mM L-glutamine
(mediumA).Cellswere incubated at 37 °C in a humidified incu-
bator with 5% CO2.
In the indicated experiments, cells were treated with 100 nM

paclitaxel for 16 h, resulting in arrest of �80% of cells in G2/M
as assessed by flow cytometry and 75–80%of cells inmetaphase
as assessed by fluorescence microscopy after Hoechst 33258
staining. Longer exposures to paclitaxel were avoided because
of adaptation of the mitotic checkpoint and exit of these cells
into a multinucleated, tetraploid G1 state (26).
Plasmid Construction—The yeast shuttle vector hGal1 con-

taining cDNA encoding catalytically inactive (Y723F) human
topo I was a kind gift from M.-A. Bjornsti (St. Jude Children’s
Hospital, Memphis, TN). The cDNA was subjected to PCR
to add the S peptide and linker sequence (in brackets)
[GAGAGAGAGGAP]MKETAAAKFERQHMDS or MKETA-
AAKFERQHMDS[GAGAGAGAGGAP] to either the C-termi-
nal (Topo I-S) or N-terminal (S-Topo I) end of the topo I open
reading frame, respectively. After ligation of Topo I-S or
S-Topo I into pcDNA 3.1 (Invitrogen), the entire insert was
sequenced. Topo I-S was used for generating a stably trans-
fected K562 cell line, which was then used for mass spectrom-
etry and in vitro kinase assays as described below. S-Topo I was
used for all other experiments.

Transient and Stable Transfection—10–15 � 106 K562 cells
were washed in sterile PBS and resuspended in cytomix buffer
(120 mM KCl, 150 �M CaCl2, 2 mM EGTA, 5 mMMgCl2, 25 mM
HEPES, 10mMK2HPO4/KH2PO4 (pH 7.6)) containing 40�g of
plasmid. Cells were electroporated at 320 V for 10 ms in a BTX
ECM 830 square wave electroporator, incubated for 15 min at
room temperature, and diluted in medium A without antibiot-
ics. After 24 h, cells were utilized for the assays described below.
Alternatively 48 h after electroporation, cells transfected with
Topo I-S (Y723F) were treated with 800 �g/ml Geneticin to
select stable transfectants. Once Geneticin-resistant cells grew,
clones were isolated by limiting dilution and assayed for Topo
I-S expression by immunoblotting using anti-S peptide anti-
body. A resulting stable line with high expression was main-
tained in medium A containing 400 �g/ml Geneticin.
Immunoprecipitation and Pulldown—Endogenous topo I

was isolated from K562 cells using human anti-topo I autoan-
tibody and protein A-Sepharose beads. All steps were per-
formed at 4 °C. Cells were washed twice in ice-cold PBS, incu-
bated in lysis buffer with protease and phosphatase inhibitors
(1% (w/v) Triton X-100, 400 mMNaCl, 50 mMHEPES (pH 7.5),
10% (w/v) glycerol, 5 mM MgSO4, 1 mM EDTA, 1 mM sodium
orthovanadate, 10 mM sodium pyrophosphate, 100 mM NaF, 1
mM PMSF, 10 �g/ml leupeptin, 100 units/ml Trasylol, 1% (w/v)
thiodiglycol, 20 nM microcystin) for 15 min, and sedimented at
12,000� g for 15min. Topo I antibody was added to the result-
ing supernatant, which was rotated end over end overnight.
Samples were supplemented with protein A beads and rotated
for an additional 4 h. Beads were spun down at 12,000 � g for 1
min and washed four times with RIPA buffer containing phos-
phatase inhibitors (1% (w/v) Triton X-100, 1% (w/v) sodium
deoxycholate, 0.1% (w/v) SDS, 150 mM NaCl, 10 mM sodium
phosphate (pH 7.2), 2 mM EDTA, 1 mM sodium orthovanadate,
100 units/ml Trasylol, 50 mM NaF). To elute protein for SDS-
PAGE, beads were resuspended in sample buffer (4 M urea, 2%
(w/v) SDS, 62.5 mM Tris-HCl (pH 6.8), 1 mM EDTA, 5% (v/v)
2-mercaptoethanol, 0.1% (w/v) bromphenol blue) and heated
to 65 °C for 20 min.
S-Topo I or Topo I-S was isolated using a similar procedure.

In brief, lysates were prepared as described above and sedi-
mented at 12,000 � g for 15 min. S protein beads (Novagen)
were added to the resulting supernatant, whichwas rotated end
over end overnight. Beads were then sedimented and washed
four times with RIPA buffer containing phosphatase inhibitors
prior to SDS-PAGE or incubation with kinases. Alternatively
immobilized topo I was washed with 0.1% Nonidet P-40 in PBS
rather than RIPA buffer and assayed for topo I activity.
Metabolic Labeling—2.5 � 107 K562 cells were washed once

and resuspended in 10 ml of phosphate- and serum-free RPMI
1640medium (BIOSOURCE). After cells were incubated for 30
min at 37 °C, 2.5 mCi of [32P]orthophosphate (Amersham Bio-
sciences) and dialyzed fetal calf serum (10% (v/v) final concen-
tration) were added for 4 h. Topo I was recovered from radio-
labeled cells by immunoprecipitation or pulldown with S
protein-agarose as described above, subjected to SDS-PAGE,
and visualized by autoradiography.
Two-dimensional Tryptic Mapping—5.0 � 107 K562 cells

stably transfected with Topo I-S (Y723F) were treated for
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16 h with 100 nM paclitaxel and then radiolabeled with
[32P]orthophosphate as described above. Topo I pulled down
with S protein-agarose was identified by SDS-PAGE followed
by autoradiography. The radiolabeled topo I band was excised
and subjected to reduction, alkylation, and digestion with 2 �g
of trypsin as described byMeisenhelder et al. (27). The resulting
sample was spotted onto a 20 � 20-cm, 100-�m cellulose thin
layer chromatography plate (EM Science), subjected to electro-
phoresis at 1000 V for 30 min in pH 1.9 buffer, and exposed to
ascending chromatography overnight in buffer consisting of
37.5% (v/v) n-butyl alcohol, 25% (v/v) pyridine, 7.5% (v/v) acetic
acid. Radiolabeled spots were detected using a Storm 840 Phos-
phorImager (GE Healthcare).
Mass Spectrometry—Topo I-S was isolated from 1 � 107 sta-

bly transfected K562 cells, subjected to SDS-PAGE, and stained
with Coomassie Blue. The topo I band was excised, digested
using either trypsin or Arg-C, and analyzed by quadrupole
time-of-flight tandemmass spectrometry at the Taplin Biolog-
ical Mass Spectrometry Facility (Harvard Medical School,
Boston, MA).
Generation of Phosphospecific Antibodies—Phosphory-

lated and nonphosphorylated peptides surrounding Ser10
(CDHLHNDSQIEADFR), Ser21 (CADFRLNDSHKHKDKH),
Ser112 (CEKENGFSSPPQIKDE), and Ser394 (CSKDAKVPSP-
PPGHKW) were synthesized. Phosphorylated peptides were
conjugated to keyhole limpet hemocyanin through their
N-terminal cysteines and utilized to immunize rabbits.
Bleeds were screened by immunoblotting using whole cell
lysates of K562 cells and dot blots of both the phosphorylated
and nonphosphorylated peptides coupled to bovine serum
albumin at concentrations from 1 �g to 100 pg. Bleeds show-
ing evidence of specificity for phosphorylated peptides were
affinity-purified by sequential passage over SulfoLink col-
umns (Pierce) derivatized with nonphosphorylated and
phosphorylated peptides. Antibodies were eluted in 100 mM

glycine (pH 2.5), neutralized with 1 M Tris-HCl (pH 9.5),
assayed by dot blot and whole cell lysate immunoblotting,
diluted 1:1 in glycerol, and stored at �20 °C. The specificity
of the antibodies was tested by a peptide competition assay
in which blots of mitotic K562 lysates were probed with each
phosphospecific antibody in the absence or presence of 1
�g/ml synthetic phosphopeptide as indicated.
Immunoblotting—Western blotting of whole cell lysates,

immunoprecipitates, or pulldown samples was performed on
nitrocellulose membranes as described previously (28). Either
ECL (Amersham Biosciences) or SuperSignal (Pierce) enhanced
chemiluminescence reagents were used depending on the
strength of the antibody.
Cell Cycle Analysis of Topo I Phosphorylation—K562 cells

were treated for 16 h with 10 �M aphidicolin, 2 mM hydroxyu-
rea, 100 nM paclitaxel, 150 nM nocodazole, or diluent (0.1%
DMSO). At the end of the incubation, cells were harvested,
subjected to SDS-PAGE, and analyzed by immunoblotting
using phosphoepitope-specific anti-topo I antibodies. Dupli-
cate aliquots were fixed in 50% ethanol, treated with RNase A,
stainedwith propidium iodide, and subjected to flow cytometry
as described previously (29).

To isolate mitotic cells without the use of pharmacological
agents, mitotic shake-off (30) was performed. T175 flasks of log
phase A549 cells were vigorously agitated for l min. After the
loosened cells and medium were removed, fresh medium was
added to the flasks. The process was repeated every 30 min for
9 h. The initial aliquot of dislodged cells was discarded. There-
after cells were sedimented at 100 � g, resuspended in ice-cold
RPMI 1640 medium, 10 mM HEPES (pH 7.4), pooled, and
stored on ice. The isolated mitotic cells and remaining control
adherent cells were stained with Hoechst 33258 to determine
mitotic index and were subjected to immunoblotting.
In Vitro Kinase Assay—Topo I-S pulled down from stably

transfected K562 cells using S protein beads or commercially
available purified topo I (Topogen, Columbus, OH) was mixed
with 200 �M ATP and 10 units of purified CKII or Cdk1 (New
England Biolabs) in the CKII or Cdk1 reaction buffers provided
by the supplier. Alternatively the beads were incubated with
PKC reaction buffer (20 mM HEPES-NaOH (pH 7.4), 0.03%
Triton X-100) containing lipid activator (100�g/ml phosphati-
dylserine, 200 pM phorbol myristate acetate, 0.03% Triton
X-100, 100 �M dithiothreitol), 100 �M CaCl2, 200 �M ATP, 1
mMmagnesium acetate, and 10 ng of PKC� (Upstate) in a 30 °C
water bath for 30 min. After SDS sample buffer was added,
samples were heated to 65 °C for 15 min, subjected to SDS-
PAGE, and analyzed by immunoblotting.
Site-directed Mutagenesis—Mutations were introduced by

site-directed mutagenesis using a QuikChangeTM mutagenesis
kit (Stratagene) according to the instructions of the supplier.
The complete sequences of the topo I open reading frameswere
verified by sequencing after every mutagenesis. S-Topo I was
mutated to restore the enzyme active site (Tyr723) and to create
phosphorylation site mutants, including the quadruple phos-
phomutant “4A” (S10A/S21A/S112A/S394A), the triple
mutant “3A” (S10A/S112A/S394A), and the S21A mutant.
Immunofluorescence—K562 cells were transiently trans-

fected with plasmids encoding wild type or phosphomutant
active (Tyr723) S-Topo I. 24 h later, cells were washed in PBS
and spun onto glass slides at 60 � g for 5 min using a Shandon
cytocentrifuge. Cells were fixed in ice-cold methanol for 10
min, rehydrated in PBS, and blocked in TSM (150mMNaCl, 10
mM Tris-HCl (pH 7.4) containing 10% (w/v) nonfat milk pow-
der, 100 units/ml penicillin G, 100 �g/ml streptomycin, 1 mM

sodiumazide) at 20–22 °C for 1 h.After anti-S peptide antibody
was added (10 �g/ml in TSM), samples were incubated at 4 °C
overnight. Slides were washed six times with PBS and treated
with fluorescein isothiocyanate-conjugated anti-mouse IgG
secondary antibody (20 �g/ml in TSM; Kirkegaard & Perry
Laboratories, Inc. (KPL), Gaithersburg, MD) for 45 min at
37 °C. Slides were then washed six times with PBS and treated
with 1 �g/ml Hoechst 33258 to locate nuclei and chromo-
somes. Cells were visualized using a Zeiss LSM 510 confocal
microscope.
Binding Partner Analysis—Plasmids encoding wild type or

4A S-Topo I were transfected into K562 cells. Beginning 6 h
after transfection, 100 nM paclitaxel was added to cells for 18 h
to inducemitotic arrest. After incubation, topo I was recovered
with S protein beads, subjected to SDS-PAGE, and analyzed by
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immunoblotting with antibodies against various topo I binding
partners.
Topo IActivityAssays—Plasmids encodingwild type or phos-

phorylation site mutant S-Topo I were transfected into K562
cells. Beginning 6 h after transfection, 100 nM paclitaxel was
added to cells to induce a mitotic arrest. After an 18-h incuba-
tion in paclitaxel, topo I was recovered with S protein-agarose.
Beads were washed four times in 0.1% Nonidet P-40 in PBS
because RIPA buffer was found to abolish topo I activity. A
fraction of the beadswas removed for immunoblotting to quan-
tify S-Topo I expression. Where indicated, 10 units of purified
calf intestine alkaline phosphatase (Invitrogen) was added, and
beads were incubated at 37 °C for 30 min. Plasmid relaxation
activity of the immobilized topo I was then analyzed as
described by Hann et al. (31). In brief, the beads were diluted in
2-fold increments and resuspended in topo I activity buffer (50
mM Tris-HCl (pH 7.5), 2.5 mM MgCl2, 110 mM NaCl, 500 �M

EDTA, 6 �g/ml bovine serum albumin, 0.01% (w/v)
dithiothreitol).
Alternatively, after treatment of K562 cells with 0.1% DMSO

or 100 nM paclitaxel for 16 h, cells were sedimented, washed
once in PBS, and resuspended in nuclear isolation buffer con-
sisting of 10 mM NaCl, 10 mM Tris-HCl (pH 7.4), 3 mM MgSO4
containing 1 mM dithiothreitol, 100 units/ml Trasylol, 1 mM

PMSF, 0.5 mM EDTA, 10 mM NaF, 2 mM Na2P2O7, 1 mM

Na2VO4, 20 nM microcystin. After a 20-min incubation on ice,
samples were subjected to 30 strokes in a tight fitting Dounce
homogenizer, examined microscopically to confirm cell dis-
ruption, and sedimented at 16,000 � g for 15 min to sediment
nuclei and mitotic chromosomes, respectively. After a wash
with nuclear isolation buffer, pellets were resuspended in 75 �l
of topoisomerase extraction buffer consisting of 100 mM

sodiumphosphate (pH 7.4), 1mMEDTA, 0.1mMdithiothreitol,
1 mM PMSF, 10 mMNaF, 2 mMNa2P2O7, 1 mMNa2VO4, 20 nM
microcystin; treated with an equal volume of topoisomerase
extraction buffer containing 1.2 MKCl; and incubated on ice for
15 min. After DNA was precipitated from the extracts using
polyethylene glycol (32), supernatants were adjusted to equal
protein concentrations. Aliquots recovered by precipitation in
20% (w/v) ice-cold trichloroacetic acid were subjected to SDS-
PAGE and immunoblotting for topo I content. For end point
assays, aliquots containing serial 2-fold dilutions of the extracts
in topo I activity buffer supplemented with the phosphatase
inhibitors 10 mM NaF, 1 mM Na2P2O7, and 20 nM microcystin
were assayed for ability to relax supercoiled plasmid. Reactions
were initiated by adding 500 ng ofO6#7 plasmidDNAand incu-
bated at 37 °C for 30 min. After dilution with 1⁄10 volume con-
taining 1 �g of proteinase K in 10% (w/v) SDS, samples were
incubated at 37 °C for another 15–30 min. For time course
experiments, reactions containing equal amounts of topo I as
assessed by immunoblotting were incubated with 5 �g of plas-
mid O6#7 in 180 �l of topo I activity buffer with phosphatase
inhibitors for 0–30 min. At the indicated times, 20-�l aliquots
were treated with 1 �g of proteinase K and 1% SDS (final con-
centration) at 50 °C to stop the reaction. Plasmids were sepa-
rated on 1% agarose gels in TPE buffer (36 mM Tris, 30 mM

NaH2PO4, 1 mM EDTA, pH 7.8) containing 10 �g/ml chloro-

quine, stained with 500 ng/ml ethidium bromide, and visual-
ized under 260 nm illumination.
Topo I Cleavage Half-reaction—Based on the results of Pour-

quier et al. (33), substrate was generated by annealing a 16-mer
upper strand (5�-GATCTAAAAGACTTGG-3�) to a 36-mer
bottom strand (5�-GATCTTTTTTAAAAATTTTTCCAAG-
TCTTTTACATC-3�). The annealed substrate was labeledwith
800 Ci/mol [�-32P]dATP (PerkinElmer Life Sciences) and 5
units of Klenow fragment (New England Biolabs) to add five
radiolabeled adenosines to the upper strand. The radiolabeled
duplex was separated from unincorporated nucleotide on a
Sephadex TE-10 spin column.
After K562 cells transiently transfected with plasmid encod-

ing wild type or S21A topo I were incubated with 100 nM pacli-
taxel for 16 h, topo Iwas pulled downusing S protein-agarose as
described above. An aliquot containing 40% of the beads was
incubated with 300 fmol of radiolabeled substrate in topo I
activity buffer at 37 °C. At the indicated times, aliquots contain-
ing 50 fmol of substrate were removed, diluted with formamide
to a final concentration of 60%, heated to 100 °C for 10 min,
cooled on ice, and separated on a denaturing 10% polyacrylam-
ide gel (19:1 acrylamide:bisacrylamide, 7.5 M urea). Substrate
incubated for 45 min at 37 °C in buffer lacking topo I and bona
fide 7-mer (6-mer annealed to the bottom strand and extended
with Klenow as described above) were included on each gel as
markers. Gels were examined on a PhosphorImager as
described above. The remainder of each pulldown was utilized
for immunoblotting.
Band Depletion Assays—K562 cells transiently transfected

with plasmids encoding wild type or S21A S-Topo I were
treated with 0.1% DMSO or 100 nM paclitaxel for 16 h as
described above. Alternatively untransfected K562 cells were
treated with 0.1%DMSO or 100 nM paclitaxel for 16 h to exam-
ine endogenous topo I. Cells were sedimented at 100 � g for 10
min, resuspended in serum-free RPMI 1640 medium contain-
ing 10 mM HEPES (pH 7.4 at 21 °C), diluent or 100 nM pacli-
taxel, and diluent versus 1.5, 5, 15, or 50�MCPT.After a 45-min
incubation at 37 °C, cells were briefly sedimented at 9600 � g,
resuspended in lysis buffer (6 M guanidine hydrochloride, 250
mM Tris-HCl (pH 8.5 at 21 °C), 10 mM EDTA, 1% (v/v) freshly
added �-mercaptoethanol, 1 mM PMSF), and sonicated. Sam-
ples were alkylated with iodoacetamide, dialyzed, and lyophi-
lized as described previously (34). After SDS-PAGE and immu-
noblotting, bands were quantified with ImageJ software.

RESULTS

Topo I Is Phosphorylated in Cells—When topo I was immu-
noprecipitated from [32P]orthophosphate-labeled log phase
K562 human leukemia cells using a human anti-topo I anti-
serum (35), subsequent SDS-PAGE and autoradiography indi-
cated that the topo I polypeptide contained covalently bound
32P (Fig. 1A) in agreement with previous results suggesting that
topo I is phosphorylated in intact cells (13, 16, 17, 20–22). To
permit isolation of the large amounts of purified topo I polypep-
tide required for mapping the phosphorylation sites, the S pep-
tide epitope tag and a linker were inserted on either the C ter-
minus (Topo I-S) or N terminus (S-Topo I) of the topo I open
reading frame (25). Because of the potential toxicity associated
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with overexpressing active topo I in intact cells (4, 31), a plas-
mid encoding Topo I-S with an inactivating Y723F mutation
was stably transfected into K562 cells.When the stable line was
radiolabeled with [32P]orthophosphate and the tagged topo I
was pulled down using S protein-agarose beads, autoradiogra-
phy showed that the tagged construct also incorporated 32P
(Fig. 1B). Consistent with an earlier report that murine topo I is
differentially phosphorylated during mitosis (22), phosphoryl-
ation of Topo I-S (Y723F) increased in mitotic cells (Fig. 1C).
Two-dimensional tryptic mapping suggested the possibility of
four phosphorylated peptides in these mitotic cells (Fig. 1D).
Identification of Four Novel Phosphorylation Sites on Human

Topo I—To identify topo I phosphorylation sites, unlabeled
Topo I-S (Y723F) was isolated from stably transfected K562
cells and purified by SDS-PAGE. This procedure yielded a band
of purified polypeptide that was easily visible after Coomassie
Blue staining (Fig. 1E). Several samples prepared in this manner,
including samples fromuntreated cells, cells arrested inmitosis by
an 18-h treatment with 100 nM paclitaxel, and cells treated for 15
minwith 50 nM phorbolmyristate acetate, were subjected to tryp-
sin digestion followed by quadrupole time-of-flight tandemmass
spectrometry analysis. Results obtained with each of the three

samples suggested that Ser10, Ser112, and Ser394 of topo I are phos-
phorylated in cells (supplemental Fig. S1, A–C).
Further analysis of themass spectrometry data indicated that

peptides corresponding to 20–30% of the polypeptide, espe-
cially the lysine-rich N-terminal domain, had not been
detected. To maximize coverage of the polypeptide, additional
samples were digested with the protease Arg-C instead of tryp-
sin and subjected to mass spectrometry. Results of this analysis
suggested that topo I is also phosphorylated at Ser21 (supple-
mental Fig. S1D).
The region around the phosphorylation sites was analyzed

for sequence conservation. All four putative phosphorylation
sites are conserved in higher eukaryotes, including mouse,
chicken, and human, but not in yeast (Fig. 2, A–D). These find-
ings suggest that these phosphorylations may be important for
some function of the higher eukaryotic forms of topo I.
Ser10, Ser21, Ser112, and Ser394 Are Phosphorylated during

Mitosis—Phosphoepitope-specific anti-topo I antisera were
generated to assess whether these four sites are phosphoryl-
ated on the endogenous topo I polypeptide in cells and to
enable further analysis of the phosphorylation events. After
affinity purification, each antiserum selectively detected
phosphorylated polypeptide (Fig. 3A). Each phospho-
epitope-specific antiserum detected topo I in K562 lysates by
immunoblotting (Fig. 3B), indicating the endogenous phos-
phorylation at these sites in cells. Competition experiments
(Fig. 3C) demonstrated that each affinity-purified reagent
was specific for only its phosphoepitope.
To determine the phosphorylation state at these sites during

various phases of the cell cycle, K562 cells were arrested at
various stages of the cell cycle as verified by flow cytometry
(supplemental Fig. S2) using aphidicolin (G1/S), hydroxyurea
(G1/S), etoposide (G2), and paclitaxel or nocodazole (M).
Immunoblotting demonstrated that phosphorylation of Ser10,

FIGURE 1. Endogenous and S peptide-tagged topo I is phosphorylated in
cells. A, after 2.5 � 107 K562 human leukemia cells were radiolabeled for 4 h
with 0.25 mCi/ml [32P]orthophosphate, topo I was isolated by immunopre-
cipitation using human anti-topo I antiserum, subjected to SDS-PAGE, and
analyzed by autoradiography. B, after 2.5 � 107 K562 cells stably expressing
topo I-S (Y723F) were labeled for 4 h with 0.25 mCi/ml [32P]orthophosphate,
the tagged topo I was isolated on S protein-agarose beads. Samples were
subjected to SDS-PAGE and analyzed by autoradiography. C, 3.0 � 107 K562
cells transfected with a plasmid encoding S-topo I (Tyr723) were treated with
100 nM paclitaxel or diluent for 16 h followed by 0.25 mCi/ml [32P]orthophos-
phate for 4 h. Topo I was isolated on S protein-agarose beads, subjected to
SDS-PAGE, and analyzed by autoradiography as well as blotting with anti-S
peptide antibody (25). The panel contains lanes from a single film exposure.
Dashes indicate removal of unrelated lanes. D, after metabolic labeling with
[32P]orthophosphate, topo I was isolated by pulldown from 5.0 � 107 pacli-
taxel-treated cells stably expressing topo I-S (Y723F) as described in B, sub-
jected to SDS-PAGE, and stained with Coomassie Brilliant Blue. The excised
topo I band was subjected to two-dimensional tryptic mapping and Phos-
phorImager analysis as described under “Experimental Procedures.” The sam-
ple origin is indicated by the circle. E, the stable line described in B was also
used to obtain unlabeled, purified topo I for mass spectrometry as shown by
a representative Coomassie Blue-stained gel. Results in B, C, D and E are rep-
resentative of five, five, nine, and five experiments, respectively.

FIGURE 2. Conservation of the four mapped topo I phosphorylation sites.
A–D, sequence homology of the four phosphorylation sites. SC, Saccharomy-
ces cerevisiae; SP, Schizosaccharomyces pombe; AT, Arabidopsis thaliana; X,
Xenopus; M, mouse; CH, chicken; H, human; D, Drosophila melanogaster.
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Ser21, Ser112, and Ser394 was markedly increased only in cells
treated with paclitaxel or nocodazole, suggesting that these
phosphorylations occur predominantly or exclusively during
mitosis (Fig. 4A and data not shown). To confirm this finding
and verify that the mitotic phosphorylation of these sites was
not caused by the drug treatment, mitotic A549 human lung
cancer cells were separated from nonmitotic cells by mitotic
shake-off. Analysis of these cells demonstrated phosphoryla-
tion of topo I at Ser10, Ser21, Ser112, and Ser394 in mitotic cells
but not interphase cells (Fig. 4B).
In Vitro Phosphorylation Analysis—Analysis of the sequence

around the four phosphorylation sites (Fig. 2) indicated that
Ser10 and Ser21 are part of possible CKII and PKC consensus
sequences, respectively. In addition, Ser112 and Ser394 are
serine-proline sites, which are potential Cdk phosphoryla-
tion sites. Accordingly CKII, PKC�, and Cdk1 were tested
for their ability to phosphorylate the sites in vitro. Topo I-S

was pulled down from stably transfected K562 cells, washed,
incubated with purified kinases in vitro, subjected to SDS-
PAGE, and analyzed by immunoblotting with the phospho-
epitope-specific antibodies. Alternatively purified topo I was
incubated with purified kinases in vitro and subjected to the
same protocol described above. Results demonstrated that
Ser10 can be phosphorylated by CKII, Ser21 can be phospho-
rylated by PKC�, and Ser112 and Ser394 can be phosphoryla-
ted by Cdk1 in vitro (Fig. 5). Further analysis verified that
each of these sites was phosphorylated specifically by its

FIGURE 3. Development of phosphotopo I antibodies. A and B, polyclonal
phosphoepitope-specific antibodies for Ser10, Ser21, Ser112, and Ser394 were
generated in rabbits. Bleeds were affinity-purified as described under “Exper-
imental Procedures” and screened by dot blots using phosphorylated (P) and
nonphosphorylated (NP) peptides coupled to bovine serum albumin (A) and
immunoblotting using K562 lysates (B). C, specificity of the anti-phospho-
epitope antibodies. Affinity-purified antibodies were incubated with a 1
�g/ml concentration of the designated phosphopeptide during incubation
with nitrocellulose-immobilized mitotic K562 lysates. Each panel contains
lanes from a single film exposure. Dashes indicate removal of intervening
lanes.

FIGURE 4. Ser10, Ser21, Ser112, and Ser394 are phosphorylated during mito-
sis. A, K562 cells were treated for 16 h with a variety of drugs, including 10 �M

aphidicolin, 2 mM hydroxyurea, 100 nM paclitaxel, or 150 nM nocodazole, to
cause arrest in various phases of the cell cycle. Changes in cell cycle distribu-
tion were confirmed by flow cytometry (supplemental Fig. S2). Samples were
then subjected to SDS-PAGE and immunoblotting using anti-phospho-topo I
antibodies. Each panel contains lanes from a single film exposure. Dashes
indicate removal of lanes from cells subjected to additional treatments that
did not affect Ser10 phosphorylation. B, mitotic A549 cells were isolated by
shake-off without drug treatment as described under “Experimental Proce-
dures.” Interphase cells were isolated at the completion of the shake-off, and
the mitotic index of both interphase and mitotic cells was determined by
microscopic examination after Hoechst 33258 staining. Samples were sub-
jected to SDS-PAGE and immunoblotting. Representative topo I loading con-
trol blots are shown for both panels. Results in both panels are representative
of five separate experiments. P, phosphorylated.
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indicated kinase and not by the other two kinases (supple-
mental Fig. S3).
Phosphorylation Does Not Affect Topo I Localization or Inter-

actions with Tested Binding Partners—To determine how
phosphorylation of these sites affects topo I, site-directed
mutagenesis was performed to create alanine mutants of
S-Topo I. Because all four sites are phosphorylated during
mitosis, a quadruplemutant (S10A/S21A/S112A/S394A, topo I
4A) construct was generated to remove all of these phosphoryl-
ation sites. Both catalytically active (Tyr723) and inactive
(Y723F) constructs were created.
Immunofluorescence was performed to monitor subcellular

localization. After plasmids encoding wild type or 4A S-Topo I
(Tyr723) were transfected into K562 cells, localization of the
polypeptide was analyzed using anti-S peptide antibody (Fig.
6A). 4A S-Topo I localized to the nucleus, including punctate
regions representing nucleoli in interphase cells (supplemental
Fig. S4A) and around the condensed chromosomes in mitotic
cells (Fig. 6A, lower panels). These patterns are identical to the
previously reported localization of endogenous topo I (36–39)
and to the pattern seen with wild type S-Topo I in this study
(Fig. 6A, upper panels). Similar results were also seen in pacli-
taxel-treated K562 cells (supplemental Fig. S4B). These results
indicate that phosphorylation of these sites does not detectably
affect topo I localization during mitosis.
To assess the effect of phosphorylation on the ability of topo

I to interact with reported binding partners, a pulldown assay
was performed. Following transfection with plasmids encoding
either wild type or the 4A S-Topo I (Tyr723), K562 cells were
arrested in mitosis with paclitaxel. After isolation of topo I
using S protein-agarose, samples were subjected to immuno-
blotting using antibodies against reported topo I binding
partners, including nucleolin, poly(ADP-ribose) polymerase,

TATA-binding protein, and topors (Fig. 6B). Wild type and 4A
S-Topo I bound similar amounts of these polypeptides, indicat-
ing that phosphorylation of these four sites does not affect these
protein-protein interactions.
Phosphorylation of Ser21 Stimulates Topo I Activity in Vitro

and Enhances CPT-induced Cleavage Complex Stabilization in
Cells—To assess the effect of phosphorylation on topo I activ-
ity, endogenous topo I extracted from untreated or paclitaxel-
arrested K562 cells was assayed for enzymatic activity in vitro.
In end point assays, serial 2-fold dilutions of the extracts were
tested for the ability to relax a supercoiled plasmid during a
30-min incubation. Topo I isolated frommitotic cells exhibited
2–3-fold more relaxation activity than topo I isolated from
untreated, interphase cells (Fig. 7A) as indicated by the dilution
that resulted in reappearance of substrate (Fig. 7A, graph). Like-
wise time course experiments demonstrated that nuclear
extracts from mitotic cells relaxed supercoiled substrate 2–4-
fold more rapidly (Fig. 7B).
To verify that this change in activity is due to phosphoryla-

tion of topo I during mitosis, S-Topo I (Tyr723) isolated from
paclitaxel-arrested K562 cells was dephosphorylated with calf
intestine alkaline phosphatase and assayed for topo I enzymatic
activity using serial 2-fold dilutions of the pulldowns. Fractions
of pulldowns treated with buffer or calf intestine alkaline phos-
phatase were set aside and analyzed by immunoblotting to ver-
ify equal expression (Fig. 8A, inset). Treatment with calf intes-
tine alkaline phosphatase caused a 2-fold decrease in activity
(Fig. 8A).
To determine whether this 2-fold decrease was related to

dephosphorylation of one or more of the four phosphorylation
sites mapped in this study, the activities of wild type and 4A
S-Topo I (Tyr723) isolated from paclitaxel-treated K562 cells were
compared. The 4Amutant exhibited 2-fold lower levels of activity
with equal expression of the two constructs (Fig. 8B). Conversely
4A andwild type S-Topo I exhibited similar levels of activitywhen
4A had higher levels of expression (Fig. 8C). Collectively these
results indicate that one or more of the sites mapped in this study
enhances topo I activity when phosphorylated.
To identify the phosphorylation(s) responsible for the altered

activity, additional topo I mutants were created and analyzed.
When isolated frommitotic cells, the 3Amutant (S10A/S112A/
S394A) and wild type S-Topo I exhibited similar levels of activ-
ity (Fig. 8D), whereas the S21A mutant exhibited a 2-fold
decrease in activity relative to wild type topo I (Fig. 8E). Impor-
tantly this difference in activity was not observed when wild
type and S21Awere pulled down from interphase cells (Fig. 8F),
which lack Ser21 phosphorylation (Fig. 4B). Therefore, the
decrease in relaxation activity seen in the 4Amutant versuswild
type (Fig. 8B) and the wild type S-Topo I treated with calf intes-
tine alkaline phosphatase (Fig. 8A) after isolation from mitotic
cells is likely due to the absence or dephosphorylation, respec-
tively, of Ser21. These results indicate that phosphorylation of
Ser21 during mitosis stimulates the DNA relaxation activity of
topo I 2-fold in vitro.
To assess the possibility that the increased plasmid relax-

ation observed after Ser21 phosphorylation reflects increased
DNAcleavage activity of the enzyme, the cleavage half-reaction
was assayed using the strategy of Svejstrup et al. (40). In brief,

FIGURE 5. In vitro kinase analysis. Examination of the sequence around
the phosphorylation sites (Fig. 2, A–D) tentatively identified kinases that
could phosphorylate these sites. Topo I-S was pulled down from stably trans-
fected K562 cells (Fig. 1E) and incubated with 200 �M ATP and 10 units of
purified CKII, 10 units of Cdk1, or 10 ng of purified PKC� under conditions
described under “Experimental Procedures.” Alternatively purified topo I
(Y723F) was incubated with 200 �M ATP and 10 units of Cdk1. At the comple-
tion of the incubation, samples were solubilized in SDS sample buffer and
analyzed by immunoblotting using the anti-phospho-topo I antibodies. CKII
was found to phosphorylate Ser10 (A), PKC� was found to phosphorylate Ser21

(B), and Cdk1 was found to phosphorylate Ser112 (C) and Ser394 (D) in vitro.
Results are representative of five separate experiments. P, phosphorylated.

Mitotic Phosphorylation of Human Topoisomerase I

JUNE 13, 2008 • VOLUME 283 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 16717

http://www.jbc.org/cgi/content/full/M802246200/DC1
http://www.jbc.org/cgi/content/full/M802246200/DC1
http://www.jbc.org/cgi/content/full/M802246200/DC1


S-Topo I pulled down from mitotic cells was incubated with
radiolabeled suicide cleavage substrate as indicated in Fig. 8G.
With the amounts of topo I recovered after transient transfec-
tion, progressive cleavage of the substrate was observed over
5–45 min. Importantly 2-fold larger amounts of S21A topo I
were required to yield the same cleavage rate as wild type topo
I, suggesting that Ser21 phosphorylation is enhancing the rate of
DNA cleavage.
To determine whether the in vitro changes in topo I activity

correspond to an alteration in the behavior of topo I in intact
cells, band depletion assays were performed to assess CPT-in-
duced stabilization of covalent topo I-DNA complexes (34).
K562 cells transiently transfected with plasmids encoding wild
type or S21A S-Topo I were treated with paclitaxel for 16 h to

allow mitotic phosphorylation and
then exposed briefly to varying CPT
concentrations in the continued
presence of paclitaxel. The S21A
mutant required higher CPT con-
centrations than wild type S-Topo I
to trap the same amount of topo I in
covalent topo I-DNA complexes
(Fig. 9A). In contrast, CPT stabilized
similar levels of cleavage complexes
involving the two constructs when
K562 cells were not arrested in
mitosis (Fig. 9B). Consistent with
these results, comparison of dilu-
ent- versus paclitaxel-treated cells
revealed that stabilization of topo
I-DNA complexes required lower
CPT concentrations in mitotic than
in log phase cells (Fig. 9C). These
results indicate that Ser21 phospho-
rylation concomitantly enhances
topo I activity (Fig. 8) and CPT sen-
sitivity (Fig. 9) specifically during
mitosis.

DISCUSSION

Results of the present study iden-
tified four phosphorylation sites on
human topo I: Ser10, Ser21, Ser112,
and Ser394. Further experiments
demonstrated that all four sites are
phosphorylated exclusively during
mitosis. CKII and PKC� phospho-
rylated Ser10 and Ser21, respectively,
and Cdk1 phosphorylated Ser112
and Ser394 in vitro. Mutation of all
four sites to alanine did not alter the
mitotic localization or the assayed
protein-protein interactions of topo
I. Comprehensivemass spectromet-
ric analyses also demonstrated that
wild type and the 4A S-topo I
mutant have similar binding part-
ners.3 However, both wild type topo

I dephosphorylated by calf intestine alkaline phosphatase and
the 4A mutant exhibited a 2-fold reduction in DNA relaxation
activity in vitro relative to wild type topo I isolated frommitotic
cells. Additional analysis determined that Ser21 phosphoryla-
tion is responsible for this change in enzymatic activity. Collec-
tively these results suggest that phosphorylation plays a role in
regulating topo I enzymatic activity and interaction with DNA
during mitosis.
Mass spectrometry identified Ser10, Ser21, Ser112, and Ser394

as four sites of topo I phosphorylation in intact cells (Fig. 2 and
supplemental Fig. S1). Although phosphorylation of Ser10 had
been suggested previously based on the ability of CKII to phos-

3 J. S. Hackbarth and S. H. Kaufmann, unpublished observations.

FIGURE 6. Mutation of the four sites does not detectably affect localization or the assayed protein-
protein interactions of topo I. A, 24 h after transfection with plasmids encoding 4A or wild type (wt) S-topo I,
log phase K562 cells were fixed with methanol and stained with anti-S peptide antibody followed by fluores-
cein-conjugated anti-mouse IgG and Hoechst 33258. Representative images of mitotic cells are shown. Note
that the mitotic index is low because no spindle poisons were added. B, 6 h after transfection with plasmids
encoding wild type (wt) or 4A S-topo I, K562 cells were treated for 16 h with 100 nM paclitaxel to induce mitotic
arrest. Tagged S-topo I was isolated using S protein-agarose, subjected to SDS-PAGE, and analyzed by immu-
noblotting using antibodies that recognize known binding partners of topo I. Untransfected (untransf.) K562
cells were included as a negative control. Results are representative of three (A) or four (B) separate experi-
ments. PARP, poly(ADP-ribose) polymerase; TBP, TATA-binding protein.
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phorylate a small peptide corresponding to the N terminus of
topo I (23), the other three sites had not been identified previ-
ously. All sites identified in the present study were located on
serines in agreementwith previous phosphoamino acid analysis
(13, 18, 21). At least two previous studies, however, suggested
that topo I can also be phosphorylated on tyrosine residues.
Tse-Dinh et al. (41) found that tyrosine phosphorylation of
topo I in vitro can alter its enzymatic activity.More recently, Yu
et al. (24) reported that c-Abl can phosphorylate topo I on
Tyr268 in vitro. Our mass spectrometry analysis did not detect
phosphorylation of Tyr268, although it is conceivable that the
phosphorylated peptide was present in such low abundance
that it could not be detected.
In further experiments we examined the kinases that can

phosphorylate topo I on the sites we identified. Data base
searches indicated that Ser10 and Ser21 conform to consensus
phosphorylation sites for CKII and PKC, respectively. In vitro
kinase assays (Fig. 5) verified this prediction, confirming and
extending previous reports that CKII and PKC can phospho-
rylate topo I (16, 17). In addition, sequence analysis indicated
that Ser112 and Ser394 are part of Ser-Pro sequences, which can
be phosphorylated by Cdks or the mitogen-activated protein
kinase family. Both sites were phosphorylated by Cdk1 in vitro,
providing the first indication of a possible interaction between
topo I and Cdk1. Cdk1 is active only during mitosis, which
correlates with the finding that Ser112 and Ser394 are predomi-
nantly or exclusively phosphorylated during that phase of the

cell cycle. Confirmation that each of
these kinases is responsible for
phosphorylating the respective sites
in cells is not possible with the pres-
ent technology. CKII�/� or
Cdk1�/� cell lines do not exist due
to the importance of these kinases
for cell cycle progression. Moreover
cells treated with inhibitors or small
interfering RNA targeting these
kinases are unable to enter mitosis.
Thus, the identification of the kinases
responsible for phosphorylating topo
I must be considered tentative until
new tools become available.
Experiments using phosphospe-

cific topo I antibodies demonstrated
that phosphorylation of all four sites
was markedly increased during mito-
sis. These findings were observed
both in cells treated with spindle poi-
sons such as nocodazole and pacli-
taxel (Fig. 4A) and in untreated
mitotic cells isolatedby shake-off (Fig.
4B). These observations demon-
strated thathuman topo I is phospho-
rylated inacell-cycledependentman-
ner consistent with previous findings
indicating that themurine topo Ihasa
mitosis-specific phosphorylated form
(22). Additional experiments that

examinedwhether any of these sites are phosphorylated after var-
ious types of DNA damage (not shown) failed to demonstrate
phosphorylationof these foursitesafter treatmentwithCPTor the
topo II poison etoposide. In contrast, Ser10 was phosphorylated
after treatment with N-methyl-N�-nitro-N-nitrosoguanidine or
ionizing radiation consistent with the ability of DNA damage to
activate CKII (42, 43).
Phosphorylation was reported previously to alter topo I enzy-

matic activity in vitro. Specifically dephosphorylation reportedly
decreased or abolished topo I activity (13–15), and subsequent
treatment with CKII or PKC� stimulated activity (14, 15). On the
other hand, recombinant topo I, which has no detectable phos-
phorylation, was observed to be enzymatically active (44–46),
casting doubt on the prior claim that phosphorylation is required
for activity. Results of the present studywere consistent with both
sets of findings. After isolation frommitotic cells, dephosphoryla-
tion of topo I by calf intestine alkaline phosphatase caused a 2-fold
decrease in plasmid relaxation activity (Fig. 8A). Because of the
nonlinearity of the topo I relaxationassays, this result couldpoten-
tially be interpreted as amore dramatic decrease if serial dilutions
arenotexamined,possiblyexplainingearlier claimsofmoreexten-
sive activity loss upon dephosphorylation.
In further experiments, the 4A mutant exhibited the same

2-fold decrease relative towild type enzyme after isolation from
mitotic cells (Fig. 8B and C), indicating that one or more of the
four mapped sites contributes to activity when phosphorylated
during mitosis. Further analysis determined that Ser21 is the

FIGURE 7. DNA relaxation activity of wild type topo I from interphase and mitotic cells. A, endogenous topo I
was extracted from K562 cells treated with 0.1% DMSO or 100 nM paclitaxel to induce mitotic arrest as described
under “Experimental Procedures.” Serial 2-fold dilutions of the extracts were subjected to immunoblotting for topo
I or used in a DNA relaxation assay to examine conversion from supercoiled plasmid (SC) to relaxed forms (R).
Aliquots of the most concentrated extracts (first lanes after dashed lines) contained equal amounts of topo I (inset).
The “0” lane contains plasmid that was incubated without extract. Dashed lines indicate removal of intervening
lanes that contained unequal amounts of topo I. The graph shows substrate remaining at the end of the 30-min
incubation. Error bars, mean�S.E. of three independent experiments. B, extracts adjusted to contain equal amounts
of topo I polypeptide (inset) from interphase or paclitaxel-arrested K562 cells were assayed for plasmid relaxation
activity over time (lanes 2–10). Lane 1, untreated substrate. The dashed line indicates juxtaposition of two separate
agarose gels from the same assay. The graph shows substrate remaining on the gel at each time point and the first
order regression line. Results are representative of assays using three independently derived extracts. N, location of
nicked and, in some assays, relaxed plasmid.
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FIGURE 8. Effect of Ser21 phosphorylation on topo I activity. A, K562 cells were transiently transfected with wild type (wt) S-topo I (Tyr723) and arrested
in mitosis with 100 nM paclitaxel. S protein-agarose precipitates were treated with buffer or 10 units of calf intestine alkaline phosphatase (CIAP) as
described under “Experimental Procedures.” The beads were subjected to 2-fold dilutions in topo I assay buffer and used in a DNA relaxation assay.
Aliquots of the immobilized topo I were also subjected to immunoblotting with anti-S peptide antibody to verify equal loading (see insets). The inset
contains lanes from a single film exposure. B–E, wild type and 4A S-Topo I (B and C), wild type and 3A S-Topo I (D), or wild type and S21A S-Topo I (E) were
isolated from paclitaxel-treated K562 cells and assayed as described in A. F, wild type and S21A S-Topo I were isolated from interphase K562 cells and
assayed as described in A. Because of variability in transfection efficiency, experiments shown in A–F were conducted separately and cannot be directly
compared. G, wild type and S21A S-Topo I isolated from paclitaxel-treated K562 cells were incubated with radiolabeled suicide substrate (inset) for the
indicated length of time. *, radiolabeled nucleotide in substrate. At the completion of the reaction, the 21-mer substrate and 7-mer product were
separated and visualized by phosphorimaging. Two separate gels from a single assay were imaged simultaneously. Inset, S peptide blot showing
corresponding topo I contents of the pulldowns. Dashes indicate removal of extraneous lanes. Results are representative of three (A), 14 (B and C), four
(D), three (E), five (F), and three (G) assays. SC, supercoiled; R, relaxed; N, location of nicked and, in some assays, relaxed plasmid.
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site that enhances activity when phosphorylated. A Ser21Ala
mutant exhibited decreased ability to relax supercoiled plasmid
(Fig. 8E) or cleave suicide substrate (Fig. 8G) in vitro as well as
decreased CPT-induced cleavage complexes in mitotic cells
(Fig. 9A) compared with wild type topo I. Importantly, these
differences were not observed in interphase cells (Figs. 8F and
9B), where Ser21 is not phosphorylated (Fig. 4B).

Additional observations suggest that the effect of Ser21 phos-
phorylation is not limited to cells transfected with epitope-
tagged topo I. Extracts from untransfected cells exhibited an
increase in topo I activity during mitosis (Fig. 7, A and B) and
enhanced sensitivity to CPT-induced stabilization of cleavage
complexes (Fig. 9C) compared with interphase cells. Although
the ability of phosphorylation in the N-terminal domain to affect
events at the topo I active sitemight seem counterintuitive, previ-
ous studies have demonstrated that removal of the N-terminal
domain modestly decreases topo I enzymatic activity and CPT
sensitivity (47, 48). Crystallizationof topo Iwith an intactN termi-
nus, a feat that has not been reported to date, appears to be

required to determine whether phos-
phorylation of Ser21 enhances activity
andCPT sensitivity through an inter-
action with portions of the N-termi-
nal domain previously implicated in
topo I activation or through interac-
tion with different regions of the
polypeptide.
The results presented in this study

reveal interesting similaritiesbetween
the phosphorylation of topo I and
topo II (49, 50), a structurally and
mechanistically unrelatedmember of
the topoisomerase family. Topo II is
phosphorylated at numerous serine
and threonine sites in cells and is
phosphorylated by CKII, PKC, and
Cdk1 in vitro. In addition, topo II has
sites that are phosphorylated specifi-
cally during mitosis (51), and topo II
activity peaks during mitosis (52, 53),
presumably to facilitate chromosome
separation.Althoughnumerous stud-
ies have examined whether there is a
link between topo II phosphorylation
and its enzymatic activity, the results
are conflicting especially when com-
pared between species (54–58). The
present study demonstrates that topo
I activity likewise increases during
mitosis, indicating that topo I might
also participate in some way during
that phase of the cell cycle.
In summary, the present study

located and examined the four sites of
endogenous phosphorylation on
human topo I. All of these sites were
phosphorylated predominantly dur-
ingmitosis, demonstrating that topo I

is phosphorylated in a cell cycle-dependentmanner. Two of these
sites, Ser112 andSer394,werephosphorylated in vitrobyCdk1, pro-
viding the first indication that a Cdk canmodify topo I. Although
the phosphorylation of these four sites did not detectably alter
topo I localization or protein-protein interactions duringmito-
sis, Ser21 phosphorylation enhanced topo I relaxation activity in
vitro and CPT-induced stabilization of cleavage complexes in
cells. These observations provide new understanding of the cir-
cumstances and effect of topo I phosphorylation in cells.
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FIGURE 9. The S21A topo I mutant is less sensitive to CPT-induced trapping on DNA in intact mitotic cells.
K562 cells transfected with plasmids encoding wild type (wt) or S21A S-topo I (Tyr723) were treated with 100 nM

paclitaxel for 16 h (A) or left untreated (B) before subjecting cells to a band depletion assay to assess CPT-
induced stabilization of topo I-DNA complexes as described under “Experimental Procedures.” The blots were
probed with anti-S peptide antibody to specifically detect transfected constructs. C, K562 cells were treated
with 100 nM paclitaxel or diluent for 16 h and then subjected to band depletion assay. Samples were subjected
to SDS-PAGE, immunoblotting with anti-topo I to detect endogenous polypeptide, and densitometry using
ImageJ. Dashes indicate removal of extraneous lanes. Error bars, mean � S.E. of three (A), three (B), and five (C)
experiments, respectively. PARP, poly(ADP-ribose) polymerase.
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